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Impact of crystallinity of poly(lactide) on helium and oxygen barrier properties
Introduction
A novel class of biobased and/or biodegradable polymers is now emerging driven by growing environmental awareness. Poly(lactide), PLA, is actually one of the most used bioplastics, although market penetration is still lacking far behind petrochemical materials. Initially used for biomedical applications, the polymer gathers however several interesting technological properties for commodity applications, such as ease of processing, good clarity, and acceptable mechanical properties. Its oxygen barrier prop-erties are rather moderated, and can be classified between poly(ethylene terephthalate) and poly(styrene) [1, 2] .
PLA is a semicrystalline polymer and with this respect increasing crystallinity for obtaining better barrier properties seems to be a good way for optimization. Following the hypothesis of Michaels and Bixler [3] proposed on the basis of their pioneering work on polyethylene, crystalline structures are impenetrable for small, permeating molecules, constituting an excluded volume within the material. The transport of permeates is therefore limited in the amorphous phase, in which they need to adopt a tortuous path. The tortuous path being prolonged, the permeation is delayed by a decrease of the macroscopically observed diffusion coefficient. Furthermore, the creation of crystalline structures decreases the amount of amorphous phase which is available for penetrant sorption. Hence, crystallinity acts on both parameters determining permeability, diffusion and solubility coefficient.
Kanehashi et al. [4] published recently a review using a very large number of literature data on the relationship between crystallinity degree and gas barrier properties of common semicrystalline and liquid crystalline polymers including PLA. They showed that in a large number of cases, correlation between crystallinity degree and gas permeability is poor. To give two examples contained in Ref. [4] , in the case of semicrystalline syndiotactic poly(styrene) no effect on oxygen permeability is observed upon increasing crystallinity degree. In the case of poly(ethylene terephthalate) large scatter of data did not allow for concluding on an effect of the crystallinity degree.
The relationship between PLA crystallinity degree and gas barrier properties has been subject of a few studies yet [2, [5] [6] [7] [8] . Comparing the literature data, there are differences in observed behavior for PLA. Sawada et al. [5] observed for poly(D,L-lactide) (4/96), PDLLA, constant oxygen permeability up to roughly 40% of crystallinity degree and afterwards small decrease. Drieskens et al. [6] showed, still for PDLLA (4/96), decrease in permeability with increasing crystallinity degree, where slope was somewhat steeper for high crystallinity degrees. Colomines et al. [2] observed increase in oxygen permeability with increasing crystallinity for a poly(L-lactide) (PLLA) sample. Dedensification of the amorphous phase [2, 6] was suggested for explanation of the observed trends which do not obey the excluded volume hypothesis of Michaels and Bixler [3] . Sawada [5] suggests a continuous space around crystalline regions, due to the stress imposed on macromolecular chains on the interface with the amorphous phases.
On a molecular scale, transport of gaseous molecules in polymers proceeds by jumps which are infrequent in the case of glassy materials. In fact, molecules spend most of the time ''rattling'' in a microvoid. Jumps occur in the case that a passage of one microvoid to another in the polymer structure is opened by chain movements [9, 10] . Therefore, transport relies on macromolecular chain dynamics which are restricted in the glassy state yielding infrequent jumps from one position to another. Gas molecules can therefore be regarded as a probe for polymer microstructure.
PLA microstructure has been already widely studied, where PLLA has received far more attention due to its longer history and importance in the biomedical field. PLA crystallizes in different polymorphic forms, the main polymorph obtained by thermal crystallization is the a-form, described in 2003 [11] . An important feature with respect to transport is the small density difference between the crystals of PLLA (1.26 by computing [11] , 1.290 by experiment [12] ) and the amorphous phase (1.24 by experiment [12] ). Kawai et al. [13] described in 2007 the a 0 -form, which is a distorted a-form obtained by thermal crystallization below 90°C. The a-form is yielded at crystallization temperatures higher than 120°C, between both temperatures, mixtures are obtained [14] . With regards to the amorphous phase, PLA has been described with the help of the three-phase model [15] [16] [17] [18] [19] , considering besides the crystalline phase two fractions of the amorphous phase, the mobile amorphous fraction (MAF) and the rigid amorphous fraction (RAF). The latter does not relax at the glass transition temperature, because molecules are partially trapped in the crystalline lamellae [20] . In addition, some authors show a confinement effect on the mobile amorphous phase between crystalline lamellae, which develops during crystallization [21] [22] [23] [24] . The confined MAF shows a glass transition temperature which is shifted to higher temperatures compared to a fully amorphous sample.
The structure/function relationship between PLA microstructure and transport properties and the role of the crystallinity degree are not understood today. Scarce experimental results are not always coherent. The aim of the present study is thus to go further in the investigation of the action of the crystallinity of PLA on transport properties. In this aim two different PLA grades differing in stereochemistry were probed. Thermal crystallization was carried out with both grades controlling the crystalline form and yielding increasing crystallinity degree with either a 0 -or acrystallites. The transport properties were investigated with the help of helium and oxygen, two molecules differing in their molecular volume.
Material and methods

Sample preparation
Poly(L-lactide) (PLLA) Biomer L9000 was purchased from Biomer Biopolyesters (Germany). Following the producer its D-lactic acid units content is less than 1%. Poly(D,L-lactide) (PDLLA) INGEO 2002D was purchased from Nature-Works LLC (USA) and has a percentage of D-lactic acid units of 4.3% [25] .
PLLA and PDLLA pellets were dried under low pressure (10 4 Pa) for 8 h at 80°C and subsequently extruded by single screw extrusion with a 30 mm diameter extruder (with a 33 L/D (length on diameter) barrel) and a three sections screw without mixing elements. The extruder screw speed was set to 40 rpm. The temperature profile of the barrel for the six zones was 180-185-190-195-200-200°C . The temperature of the mixer device (4 Sulzer SMX Ò ) and the die was defined at 200°C. A flat die of 200 mm width and a chill roll equipment were used to manufacture films of approximately 300 lm thickness. The roll temperature was fixed at 20°C. Two extrusion campaigns were carried out for both grades of PLA.
In order to obtain samples with defined crystallinity the extruded film was themocompressed from the glassy state at 5 Â 10 4 Pa with the help of a thermal press (Darragon, France) at defined temperature for defined time. For that, the film samples were sandwiched between two Teflon sheets and two stainless steel plates. After pressing, the sandwich was quickly opened and films were quenched to room temperature at a cold surface. Films were stored at room temperature.
The crystalline morphology of the film samples was observed by using an optical transmission microscope (Nachet, France) under polarized light. The samples were prepared by using a microtome (Leica, France) to yield thin samples of 5-10 lm thickness.
The crystalline structure of the films samples was investigated by wide-angle X-ray scattering (WAXS) by means of a X'Pert (Panalytical) diffractometer (Cu-Ka radiation). The high voltage was fixed at 40 kV and the tube current was set at 40 mA.
For calorimetric analysis two different DSC equipments were used. Isothermal cold crystallization of as-prepared extruded films was carried out with the help of a Pyris 1 DSC (Perkin Elmer, France) equipped with an intercooler and calibrated with indium and tin standard. Purge gas flow was 30 mL min À1 N 2 . As-prepared samples (5-10 mg) were loaded into aluminum crucibles at 20°C. After equilibration a temperature step with maximum speed (approx. 100°C min À1 ) to the desired crystallization temperature was performed and isothermal cold crystallization was carried out for 30 min to 2 h depending on the PLA grade and crystallization temperature. Samples were then quenched to 0°C and analysis of the crystallinity was carried out by reheating the sample at 10°C min À1 heating rate up to 200°C. Tests were performed in duplicate.
The analysis of the glass transition temperature and the crystallinity degree of the film samples produced under the heating press were carried out by means of a Q100 DSC (TA Instruments), equipped with an intercooler. Calibration was performed with the help of an indium standard and calibration of the heat capacity was done with the help of a sapphire standard. The purge gas flow was 50 mL min À1 N 2 . For analysis of the crystallinity degree, as-prepared samples (5-8 mg, loaded in aluminum Tzero crucibles) were heated at constant heating rate of 10°C min À1 from 10 to 190°C. The degree of crystallinity (v c ) of the PLA samples was calculated after
where DH m is the enthalpy of melting after subtraction of the small exothermal event at the beginning of the melting peak, DH cc is the enthalpy of cold crystallization, and DH 0 m is the enthalpy of fusion per mol of repeating unit of the perfect crystal of infinite size (the totally crystalline polymer), taken to be 93 J g À1 [26] for comparison reasons with current literature. The analysis of the glass transition was carried out in the modulated mode of the Q100 (TA Instruments) DSC. Samples were rejuvenated prior to analysis at 74°C during 20 min. The modulated temperature program used was published by Delpouve et al. [21] . The samples were heated from 10 to 90°C at an average heating rate of 2°C min À1 , on which a temperature modulation with an amplitude of 0.318°C (heat only mode) and a period of 60 s was superposed. The glass transition temperature was taken at the midpoint of the transition. The heat capacity change of the amorphous samples, DC P,0 , was measured as follows: the extruded sample was melted at 200°C for 5 min and subsequently quenched to 20°C in the DSC apparatus. Then, the modulated temperature program was carried out. DC P,0 of the PLLA sample amounted to 0.569 ± 0.001 J g À1°CÀ1 and of the PDLLA sample to 0.520 ± 0.013 J g À1°CÀ1 . All measurements were made in duplicate or triplicate on each sample subjected to permeation.
The quantity of the mobile amorphous fraction (MAF) was computed after
The percentage of the rigid amorphous fraction (RAF) was computed with the help of the relationship:
The helium permeability was measured at room temperature and 0% RH, by a specific lab-made analyser, based on the ISO 15105-2:2003 method. The helium permeability was determined from the transmission rate by taking into account the thickness of the films.
The oxygen permeability was measured with a Systech analyser 8001 at 23°C and 0% RH. Oxygen permeability is calculated from the measured oxygen transmission rate (OTR) by multiplying it by the sample thickness (measured with at micrometer on 9 points). For assessing reproducibility of permeability measurements were carried out on at least two different samples obtained by the same temperature protocol. Diffusion (D) and sorption (S) coefficients were calculated with the help of the time-lag method. The time lag (t lag ) was obtained by calculating the intercept on the abscissa of the cumulated flux curve, and D was found by evaluating
where L is the sample thickness. The sorption coefficient was obtained with the help of the general relationship
where P denotes the permeability.
Results and discussion
PLA sample morphology
In order to follow the barrier properties of the two different PLA grades in function of the material crystallinity, a preliminary DSC study was carried out in the aim of specifying experimental conditions for the realization of different sample morphologies.
Isothermal crystallization experiments were done in order to measure crystallization half times of the two PLA grades at temperatures able to yield a 0 or a crystalline form. Table 1 summarizes the characteristics of the whole sample set. It gives the measured crystallization half times at the chosen experimental temperatures. Maximum crystallization rates of PLA are described to be located at 110°C for PLLA and PDLLA independent of the stereochemistry [7, [27] [28] [29] [30] . In accordance, we find the smallest crystallization half time closest to 110°C, at 120°C. Furthermore, it can be clearly seen in Table 1 that the increase in D-lactic acid content in the polymer chain leads to higher crystallization half time, which is a result already described [27, 31, 32] .
With the help of the isothermal data, time/temperature conditions for cold crystallization were chosen to produce samples of large diameter with different crystallinity degree under the heating press. For enabling a permeability measurement the film diameter needs to be higher than 10 cm. There is an experimental difficulty of producing large film samples with calibrated crystallinity degree due to the time needed for temperature stabilization inside the heating press. Small crystallinity degrees could therefore only be yielded for low temperature conditions where crystallization half times were long. Following the literature conditions using the three-phase model [21] , to produce samples including different quantities of RAF and yielding confinement of the amorphous phase, the crystallization time has to be prolonged far above crystallization half time. Table 1 gives the time/temperature conditions chosen in consequence. The maximum crystallinity degree achieved for PLLA was 61%, while it was only 44% in the case of PDLLA (Table 1 ). Fig. 1 shows the micrographs of the structures obtained. Comparing the pictures obtained at 90°C with those obtained at 120°C, it seems that a lower crystallization temperature yields to smaller crystals. However, in any case, crystallites were difficult to observe after cold crystallization and were too small for quantitative size determination by optical microscopy.
WAXS measurements were carried out for the crystallized samples at different experimental temperatures, choosing the samples with the highest crystallinity degree. Typical results are given in Fig. 2 and the observed crystalline form is summarized in Table 1 . As shown by Cocca et al. [33] , the crystalline structure of PLLA which depends on the crystallization temperature can be determined with the help of the characteristic reflexion ( Fig. 2a and c) . At low crystallization temperature (90°C), PLLA exhibits an a 0 structure characterized by a the reflection at 2h = 24.5°w hich is absent in the sample crystallized at 140°C. At higher temperature (140°C), one observes furthermore that the reflections of the (1 0 0/2 0 0) and (2 0 3) shift to higher 2h, that the intensity of the (0 1 0) reflection increases and the reflection (1 0 3) appears. Small diffraction peaks ( Fig. 2c ) appear also with increasing crystallization temper- The peak intensities of the PDLLA samples were lower than those of PLLA and are shown in Fig. 2b (zoomed spectrum Fig. 2d ). One observes (Fig. 2b) the slight shift of the reflections of the (1 1 0)/(2 0 0) and (2 0 3) planes at higher crystallization temperatures and the intensity of the (1 0 3) and (0 1 5) reflections increases. The small reflexions were difficult to measure. Increase of intensity with increasing crystallization temperature was seen for the (0 1 5), (2 0 7) and (0 1 8) plane reflections. We concluded for a change of crystalline form from a 0 to a with increasing temperature for both PLA stereochemistries, which is in accordance with current literature [13, 33] .
Taking together information on crystalline form and crystallinity degree, data show that the maximum crystallinity degree obtained in a 0 -form was 40% in the case of PLLA and 35% in the case of PDLLA (Table 1 ). In the aim to obtain higher crystallinity degrees, higher temperatures corresponding to crystallization in a form needed to be chosen. Fig. 3 shows the development of the shape of the glass transition with increasing crystallinity of the different PLA samples for PLLA ( Fig. 3a) and PDLLA (Fig. 3b ). The glass transition broadened with increasing crystallinity degree where the high temperature end shifted towards higher temperatures. A numerical measure is the glass transition temperature (T g ), which increased with crystallization temperature increase ( Table 1) . Broadening of the glass transition was described by different authors, in most cases for PLLA [15, 21, 22, 24] . In the case of long annealing times at 85°C, an important T g shift of approximately 6°C was found for both grades of PLA. This indicated confinement of the mobile amorphous phase fraction (MAF) inside the crystalline structure, as it was described by Delpouve et al. [21] . In the case of PDLLA, at high temperature (120°C) and long annealing times, the shift of T g was much smaller, though. This would indicate that confinement effect was less important when crystallization from the glassy state was carried out at high temperature.
The step height of DC p decreased with increasing annealing time and temperature since it is proportional to quantity of amorphous phase (Table 1 ). An interesting exception was that the DC p of the extruded sample was 5 1 0 1 5 2 0 2 5 3 0 3 5
2θ [°]
Intensity (a.u.) Table 1 ). It appeared that the RAF of the extruded PLLA and the extruded PDLLA was higher than the 90°C/5 min sample and higher than the 85°C/10 min sample, respectively, while crystallinity degrees were equal. We suggest that the drawing, although very faint, of the film in the chill roll equipment might induce some constraining of the amorphous phase, which reduces its ability to relax at glass transition. In the case of PLLA, we observe an increase of RAF for the samples cold-crystallized in a 0 -form. The quantity of RAF in PLLA is consistent with the literature data [16, 17, 21] obtained in similar conditions, which show between 15% and 25% of RAF at 33-40% v c . Bras et al. [24] worked with dielectric relaxation spectra and proposed by extrapolation a value of 20% RAF in the case of semicrystalline PLLA samples with v c higher than 40%. There is however, scatter on our data, which is most probably related to the fabrication method of large samples under the heating press, while the literature studies are generally done in the DSC apparatus, where temperature is far better controlled. At high annealing temperatures where PLA crystallized in a form no RAF could be evidenced in our samples, though. In the case of the PDLLA grade, RAF quantities were smaller compared to PLLA and significant amounts were only evidenced for long annealing times at 85°C. Similarly to PLLA, no RAF could be observed when annealing temperatures were high enough to yield a crystallites.
To conclude, different sample morphologies were prepared in order to test structure/function relationships for gas barrier properties. Samples were crystallized in two different crystalline forms, a and a 0 . Furthermore, annealing times were increased far above crystallization half time, in order to yield different amounts of RAF in the amorphous phase.
Gas barrier properties
The gas barrier properties of the sample set were analyzed with the help of two molecular probes, helium and oxygen, differing in their size and critical temperature. Helium has a very small kinetic diameter (0.260 nm), small critical volume (57.5 Å 3 ) and low condensability, with a critical temperature of 5.3 K. Oxygen (O 2 ) has higher kinetic diameter (0.364 nm), higher critical volume (73.5 Å 3 ) and much higher critical temperature (155 K) (data from [34] ). Generally, increasing critical volume of a gas scales with decrease in the diffusion coefficient, while increasing critical temperature scales with increase in the solubility coefficient. It has been shown by Mueller Plathe [35] and Takeuchi [9] that oxygen transport proceeds by the ''red sea mechanism''. Helium transport on the other hand is much more ''fluid like'' with much lower time elapsing between jumps due to its comparatively smaller size [36] . Helium permeability through polymers is higher than oxygen permeability (e.g. [37] ), which has as a very practical consequence a notable decrease in measurement times. In the present case, the experiment time for helium was in the order of 30 min in comparison of two days for oxygen. Helium permeability is therefore a good screening tool for gas permeation. However, molecular transport mechanisms are slightly different, as oxygen transport is more sensitive to free volume fluctuations [9, 35, 36] .
The change in helium permeability through PLA samples cold-crystallized to different crystallinity degrees and presenting either a 0 -or a-crystals is shown in Fig. 4 . A first, methodological conclusion is that there is dispersion of values, linked to inherent heterogeneity of the films. This is shown by the points corresponding to the extruded samples which were measured as produced and intercalated all along the measurement series. Repeat measurements on one film were carried out in the 120°C series, showing a standard deviation of 6% for one film. Due the relatively high permeability, the observed lag-times in the Fig. 3 . Evolution of the glass transition signal with increasing crystallization time and temperature of PLLA (a) and PDLLA (b). experiment were small and thus very sensitive to experimental error. Therefore, interpretation of diffusion coefficients was not attempted here. To account for uncertainty linked to the control of the time/temperature conditions under the heating press, experiments were reproduced and results not averaged. Therefore there is some scatter also on the crystallinity degree for one experimental condition. Despite experimental difficulty and scatter on the data, different conclusions could be drawn. There seems to be a difference in the behavior of samples cold-crystallized in a 0 -form compared to a-form and a difference linked to the stereochemistry. Let's take the example of PLLA coldcrystallized in a 0 -form at 85°C for times up to 90 min, which is roughly nine times the crystallization half time. The maximum crystallinity degree was 35%. The glass transition temperature was shifted up by 6°C (Table 1) , which shows confinement of the amorphous phase, and the RAF accounted for 21%. No significant difference between helium permeability of the extruded sample and the fully crystallized sample can be observed (Fig. 4) . In order to increase crystallinity degree, a higher crystallization temperature needs to be chosen, in our case 120°C which yields formation of a crystals. In this case helium permeability dropped although absolute gain in barrier properties was small, roughly a factor two. For fully crystallized samples, crystallites in the a 0 -form seem to have no influence on helium barrier properties, in contrary to crystallites in a-form.
In the case of PDLLA a small decrease in helium permeability could be observed upon cold crystallization in a 0 form, but similar to PLLA, a much steeper drop was observed upon cold crystallization in a form.
In order to further investigate the transport properties of the PLA samples in function of crystallinity degree and crystallite form, the diffusion and solubility coefficients need to be analyzed. Therefore, oxygen transport, which is slower and more sensitive to microstructure, was analyzed. In Fig. 5 are plotted the results of the same sample set. On the left side are given results of PLLA and on the right, results of PDLLA. Curve shapes are similar to the picture obtained with the help of helium permeability measurements. In Fig. 5 results were also compared to the literature data [5, 6] . Data from Drieskens et al. [6] correspond to cold crystallization of PDLLA (4/96) at 125°C and different times. Preponderance a-form can be assumed. Data from Sawada et al. [5] were recorded for solvent cast PDLLA (4/ 96) samples cold crystallized at temperatures ranging from 70 to 150°C for 48 h. Therefore, the highest crystallinity degree of approximately 50% can be assumed to correspond to a-crystals, while the others would be a 0 -crystals, a result also suggested by the WAXS profiles published in the article. Comparison of PDLLA permeability data shows good concordance with Drieskens's data [6] . Correspondence to Sawada's data [5] is lower because Sawada et al. [5] measured at higher temperature (35°C). Absolute permeability values are also in concordance with data published by Courgneau et al. [7] .
Upon comparing curve shapes between PLLA (Fig. 5a ) and PDLLA (Fig. 5b) one observes that in the case of PDLLA there is small reduction of the permeability with increasing crystallinity up to approximately 35%, no matter which crystalline form (a-form represented by data from Drieskens et al. [6] . After that value, permeability decrease is steeper. In contrary, in the case of PLLA, permeability increases with increasing crystallinity, which is a counterintuitive result with regards to the excluded volume hypothesis, postulated by Michaels and Bixler [3] . The same result is obtained by Sawada et al. [5] for PDLLA ( Fig. 5b) and by Colomines et al. [2] for PLLA. After exceeding a crystallinity degree of approximately 40%, crystalline form changes and permeability decreases. To go further in analysis the evolution of the diffusion coefficient (D, Fig. 5c and d ) and the solubility coefficient (S, Fig. 5e and f) with increasing crystallinity degree was investigated. It can be observed that D was constant with increasing crystallinity degree for PDLLA crystals in a 0 -form ( Fig. 5d ) and that even extensive crystallization treatment at 85°C did not yield any change. D increased moreover in the case of PLLA with crystallinity degree (Fig. 5c ). The solubility coefficient decreased monotonically with increasing crystallinity (Fig. 5e and f) . The decrease of the solubility coefficient with increasing crystallinity can be explained by the smaller volume available for sorption in the sample mass. The solubility coefficient of the amorphous phase (S a ) was obtained by normalizing measured bulk solubility to the mass fraction of the amorphous phase
The data of S a are given in Fig. 5g and h. Within the error of the measurements, no evolution of S a for PDLLA containing a 0 -crystals was observed and a small increase can be seen in the case of PLLA. S a is an appreciative value not corrected by the density difference between the amorphous and crystalline phase. Our results are consistent with [6] , who worked at high annealing temperatures, show different behavior. The authors found a continuous decrease in D and an increase in S with crystallinity degree. The importance of the crystalline form for permeability has been observed also very recently by Cocca et al. [33] . They showed that the water vapor permeability of completely crystallized PLLA samples diminished with increasing fraction of crystals in a-form. For explaining the constant value or even the increase of gas permeability with increasing crystallinity degree, different hypothesis have been proposed in the literature. Dedensification of the amorphous phase was cited by Colomines et al. [2] and Drieskens et al. [6] . Sawada et al. [5] suggested a continuous space around crystalline regions.
Following the tortuosity concept, a decrease of D and S with increasing crystallinity is expected. In the case of poly(ethylene terephthalate) (PET), permeability decrease with increasing crystallinity only relies on the drop of D and a rise of S what has been evidenced by several authors [38] [39] [40] . The effect was explained by dedensification of the amorphous phase, which increases oxygen solubility. Hu et al. [39] showed that the density of the intralamellar amorphous phase inside the spherulites is smaller compared to the density of amorphous PET. They attribute the dedensification to increased constraints on the amorphous phase macromolecular chains due to their attachment to crystallites. This effect causes the glass transition to shift to higher temperatures [40] , which is also observed in our case and in the case of Drieskens' publication for PLA. In the case of PLA the shift of the T g was attributed to the confinement of the MAF, though [21] [22] [23] [24] , as the RAF is not able to relax in the region of the glass transition. In our data, we cannot observe an increase in S with increasing crystallinity degree. The dedensification hypothesis seems to work, when PLA is crystallized in a-form and/or when RAF is low. In other words, the gas barrier properties for one degree of crystallinity might be determined by the presence of RAF.
In the case of cold crystallization of PLLA into a 0 -form, a specific amount of RAF is measured and the diffusion coefficient increases (Fig. 5c ). PDLLA (Fig. 5d) shows less RAF and almost no evolution in D. Data at very low crystallinity degrees most probably correspond to samples where spherulites are not space-filling. Therefore only a small tortuosity effect can be expected. However incomplete spacefilling cannot explain an acceleration of D. Space seems to be created around crystalline lamellae which accelerates the diffusion coefficient but does not introduce increased oxygen solubility. One reason might be that PLA seems to have lower oxygen solubility compared to PET [4] . Del Rio et al. [41] studied very recently the evolution of free volume in crystallized PLLA with the help of Positron Annihilation Lifetime Spectroscopy (PALS) measurements. They observed an increase in free volume upon annealing which they located primarily inside the RAF. The free volume hole size decreased from 95.7 to 86.5 Å 3 upon annealing of PLLA at 100°C up to a crystallinity degree of 36.5%, but quantity of holes increased. The morphology of the free volume thus changed towards smaller, but more frequent voids having an ''opener'' structure in the semi crystalline compared to the amorphous polymer. Duda and Zielinski [42] showed that increase in free volume increases the diffusion process. The free volume theory predicts that diffusion is dominated by the scarcity of free volume and that specific molecular interactions are of secondary importance, particularly in the case of poorly interacting molecules as it is the case in the present system. An ''opener'' [41] structure might thus imply higher connectivity in order to allow transport [42] . Basically speaking, more small voids are more efficient than some large ones. Arnoult et al. [16] showed furthermore that the quantity of RAF per unit of crystallinity of PLLA was much lower than the one of PET. PLA remained fragile when RAF was formed, where else PET went strong. The authors concluded that PLA presents only a weak coupling between amorphous and crystalline phases. Zuza et al. [17] compared fragility parameters of PLLA and PDLLA and showed that PDLLA is a stronger glass former than PLLA. In conclusion we suggest that there is decoupling between crystalline and amorphous phase with a RAF adjacent to crystalline lamellae holding increased free volume. This increment in free volume offers a preferential pathway for diffusion yielding a higher macroscopic diffusion coefficient. The effect is more pronounced when more RAF is present.
Conclusion
The relationship between PLA crystallinity degree and gas barrier properties was investigated. For helium as for oxygen, permeability was higher through PLLA compared to PDLLA at the same degree of crystallinity. The creation of crystallites in a 0 -form inside the polymer matrix showed unexpectedly no effect on the measured permeability. The analysis of oxygen diffusion and solubility coefficient in PLA as a function of crystallinity degree showed that permeability was primarily governed by the diffusion coefficient. For crystallinity degrees lower than around 35%, the diffusion coefficient increased with increasing crystallinity degree which was attributed to the creation of a rigid amorphous fraction including larger free volume. The amount of rigid amorphous fraction was higher in the PLLA sample compared to the PDLLA sample and seemed to be higher when annealing was carried out at low temperatures leading to the creation of a 0 -crystallites. In summary, there seemed to be different behavior in function of crystalline form and of PLA stereochemistry. This indicates that more detailed studies of the structure/barrier properties relationship are needed, where stereochemistry and crystalline form are controlled and also because RAF amount differences stayed low in regard of the effect on the gas permeability.
The presented results suggest however, that optimization of PLA gas barrier properties should focus on tortuosity as solubility effects seem not to offset gains in the diffusion coefficient as it is the case in crystallization of PET.
